Abstract: Protic ionic liquids (PILs) were synthesized through a stoichiometric neutralization reaction between 2,2 ′ -(ethylenedioxy)-bis(ethylamine) { Edbea} and various acids (formic, acetic, boric, decanoic, and gentisic acid). The
Introduction
Ionic liquids (ILs) are compounds that consist wholly of ions and remain liquid below 100°C. 1 Generally, ILs are composed of bulky organic cations paired with organic or inorganic anions bound together by electrostatic interactions and they have unique physical properties such as negligible vapor pressure, high thermal stability, attention than ethanolammonium nitrate. Due to its similar properties to water, it is distinguished from other ILs and many other solvents.
9
The different potential applications of ILs depend on the physicochemical properties, which vary depending on the cation and anion structures used. ILs are widely used as catalysts in organic reactions, 10 metal ion separations, 11 as pharmaceutical solvent for drugs, 12 in electrochemical devices, 13 for removal of pollutants, 14 and the like. Recently, a new class of high-molecular-weight precursors, phosphazene-based protic ionic liquids (PzPILs), have also been investigated for their antiproliferative effects.
15−19
Currently, quantum chemical calculations are widely used to explain experimental observations, molecular energies, molecular structures, reaction energies, molecular orbitals, atomic charges, molecular spectra (IR, NMR), polarizabilities, and thermochemical properties.
20−24
Application of ILs as lubricants has also been the focus of several recent studies owing to their distinct properties such as extremely low vapor pressure, high thermal stability, low flammability, and inherent polarity. 25 Based on these properties, ILs can be utilized in high temperature environments, reduced pressure environments, and microelectromechanical systems, for which conventional lubricants do not function efficiently or fail to function. ILs are also used as lubricant additives to improve the frictional properties of lubricants.
26,27
ILs can acquire various characteristics by selecting different combinations of anions and cations; therefore, it is important to choose a suitable IL for a specific application. There are many studies on the lubrication of aluminum and steel with various ILs including different anions and cations.
28−36
In the present study, PILs consisting of 2-(2-(2-aminoethoxy) ethoxy)ethanaminium cation and anions of different acids were obtained, namely 2-(2-(2-aminoethoxy)ethoxy)ethanaminium formate (PIL1), 2-(2-(2-aminoethoxy)ethoxy) ethanaminium acetate (PIL2), 2-(2-(2-aminoethoxy)ethoxy) ethanaminium dihydrogenborate (PIL3), 2-(2-(2-aminoethoxy)ethoxy)ethanaminium decanoate (PIL4), and 2-(2-(2-aminoethoxy) ethoxy)ethanaminium 2,5-dihydroxybenzoate (PIL5) (Scheme). The structure of the synthesized PILs was determined by elemental analyses, FTIR, and 1 H and 13 C NMR techniques. Quantum chemical calculations were used to explain the cation/anion ratio in the PILs. In the calculations, we used the density functional theory hybrid method M062X and 6-311 +G (d,p) basis set with high angular momentum for representing atomic orbitals. The frictional and wear properties of the PILs and 15W40 engine oil were evaluated using sliding wear tests, which were conducted at room temperature using an AA7075 disc specimen against a stationary 100Cr6 steel ball. The wear performance of PILs and 15W40 engine oil was determined by considering the volume loss of AA7075.
Results and discussion

Syntheses and structural characterization
PILs 1-5 were prepared for the reactions of 2,2 ′ -(ethylenedioxy)-bis(ethylamine) { Edbea} with formic, acetic, boric, decanoic, and gentisic acid in the molar ratio 1:1 (Scheme Figure S12 ). PILs 1, 2, 4, and 5 show two strong absorption bands at 1587-1565 and 1491-1473 cm −1 , which are assigned to the asymmetric and symmetric stretching vibrations of the ν COO− bonds, respectively, clearly indicating PIL formation.
Quantum chemical calculations
In order to explain the cation/anion ratio of the PILs, cations (C), anions (A), and PILs (CA and CA 2 ) were optimized at M062X/6-311 +G(d,p) level in the gas phase. The optimized structures of cations (C) and anions (A) are given in Figure S13 (Supplementary Information) and the optimized structures of CA-and CA 2 -type PILs are shown in Figures 1 and 2 , respectively. Optimized structures of CA-type ILs obtained at the M062X/6-311
As shown in Figures 1 and 2 , the interaction between the cation and the anion is provided by the formation of hydrogen bonds. It can be considered that two hydrogen bonds are formed in CA-type ILs and four hydrogen bonds are formed in CA 2 -type ILs. Hydrogen bond lengths are shown in Figures 1 and 2 . Figures 1 and 2 show that the calculated hydrogen bond lengths vary between 1.5 and 2.0. These hydrogen bonds are expected to provide sufficient energy to form an IL. For this reason, the reaction energies of CA-and CA 2 -type PILs were calculated and these are shown in Table 1 . 
The reaction energies ( ∆E) of CA-and CA 2 -type ILs are exothermic. In addition, the reaction energies of the CA 2 -type ILs are two times lower than those of the CA-type ILs. These results show that the formation of CA 2 -type ILs is more desirable than that of CA-type ILs. According to the elemental analysis
[EdbeaH][C 6 H 3 (OH) 2 COO] ILs were synthesized in this work. The last two are of CA type. Experimentally, the formation of the CA-type ILs can be attributed to the phase, entropy, and solvent effects. 
Thermal studies
The thermogravimetric analyses (TGA) of PILs 1-5 were performed in the temperature range of 35-500°C under a nitrogen atmosphere at the heating rate of 10°C/min. TG and DTG curves of PILs 1-5 are shown in Figure 3 and Figure S14 (Supplementary Information), and the thermoanalytical data of these compounds are summarized in Table S1 (Supplementary Information). In the first step, adsorbed water was removed from PILs 1, 2, 4, and 5, while ethanol was removed from PIL3. The thermal decomposition of PILs 1-5 starts with the decomposition of formate, which is followed by acetate, borate, decanoate, and 2,5-dihydroxy benzoate anions, in that order. Afterwards, the 2,2 ′ -(ethylenedioxy)-bis(ethylaminium) cation starts to decompose. The thermal decomposition of PILs 1, 2, and 4 is completely finished at about 500°C, but the decomposition process for PILs 1 and 5 is not completed at this temperature, with residue of about 15.70% and 6.22%, respectively (Supplementary Information, Table S1 ). 
Viscosity
With the exception of PIL3, which is a liquid, these ILs had viscosities between 42.3 and 5239.0 cP at about 30°C (Table 2) . At a particular temperature, the viscosity of the linear PILs (PIL2 and PIL4) increased with increasing anion chain length. It was observed that PIL5, having an aromatic anion, had the highest viscosity. 
Tribology studies
The mean coefficient of friction (COF) values recorded during the sliding wear test are shown in Figure 4 .
The 15W40 engine oil showed almost stable and low COF throughout the wear test since this commercial engine oil has been developed to meet the demands for tribological applications. In the case of PIL1, there are many upward spikes in COF values, which are related to temporary loss of the lubricating layer from the steel/aluminum interface, causing metal to metal contact. In the cases of PIL2 and PIL3, COF increased to higher values compared to the other lubricants at the beginning of the wear test then slightly decreased. The increased COF value indicates the establishment of metal to metal contact, which can cause adhesive wear of rubbing counterfaces. PIL4 exhibited the lowest COF, which is indicative of formation of a stable lubricant layer separating the steel ball from the aluminum disc. The COF of PIL5 showed a slight and a constant increase with increasing test period, which can be ascribed to the increased viscosity of IL.
The wear profiles and wear rates of the aluminum alloys tested against steel balls using 15W40 and PILs are given in Figure 5 and Table 3 , respectively. In the case of PIL5, it was not possible to detect the wear profile due to negligible wear loss and so the wear rate is not given in Table 3 . As shown in Table 3 , PIL1, PIL2, and PIL3 showed higher wear rates than 15W40 engine oil. The increased wear rate can be related to insufficient lubrication, which induces the formation of junctions between the metal surfaces and causes adhesive and abrasive wear of the aluminum alloy. On the other hand, PIL4 and PIL5 exhibited much lower wear rates than 15W40, suggesting that lubricant molecules are adsorbed onto the metal surface to form a protective layer, which reduces the friction coefficient as shown in Figure 4 , thereby reducing the wear loss. 
Conclusions
PILs on the base of Edbea with formic, acetic, boric, decanoic, and gentisic acids were synthesized, respectively. All the PILs, except PIL3 in creamy form, are liquid at room temperature. According to the elemental analysis results, PILs 1-3 are diprotonated with the nitrogen of amine, while PILs 4 and 5 are monoprotonated with the nitrogen of amine. Moreover, the quantum chemical calculations showed that two hydrogen bonds formed in CA-type ILs and four hydrogen bonds formed in CA 2 -type ILs. The effect of the anion's alkyl chain length and the anion's aromatic type on the viscosity of PILs was determined. In the thermal decomposition mechanism of PILs 1-5, initially the acid anions decompose, and then the cation begins to decompose. It was also observed that PIL4 and PIL5 have better lubricating properties than 15W40 and the other PILs. PIL1, PIL2, and PIL3 exhibited inadequate lubrication during the sliding wear test, causing an increased wear rate of the aluminum alloy. 
Measurements
The FTIR spectra of PILs equipped with a 5-mm PABBO BB inverse-gradient probe and the standard Bruker pulse program was used.
37
The TG and DTG curves were obtained using a PYRIS Diamond TG/DTA apparatus in a dynamic nitrogen atmosphere (heating rate: 10°C/min, aluminum crucibles, mass~10 mg, and temperature range 35-500°C).
The viscosities of PILs 1, 2, 4, and 5 were measured using a Brookfield DV2TRVCP viscometer.
General procedure for the synthesis of PILs 1-5
A mixture of Edbea and formic acid, acetic acid, boric acid, decanoic acid, or gentisic acid is prepared in the molar ratio 1:1. Edbea is placed in a two-necked 100-mL round-bottomed flask fitted with a dropping funnel and connected to a condenser. Formic acid, acetic acid, boric acid, decanoic acid, or gentisic acid is placed in the dropping funnel and added dropwise to the Edbea in the flask. The reaction is vigorous, and the rate is controlled by regulating the acid addition. The reaction should be complete in about 24 h. The product should be viscose liquid. The most probable formation reactions of PILs 1-5 are illustrated in the Scheme.
Synthesis of compound PIL1
Anal. Calc. for 40.32 (C 1 ), 70.97 (C 2 ) , 69.72 (C 3 ) , 167.11 (C =O).
Synthesis of compound PIL2
Anal. Calc. for 
Specimen preparation
An AA7075 round bar with a diameter of 25 mm was cut into 10-mm sections using a SiC-precision cut-off wheel. Disc specimens were ground flat on 240, 400, 800, 1200, and 2000 grit SiC emery papers consecutively. Then polishing was applied using 3-µm diamond paste in an alcohol-based lubricant and subsequently using 50 nm of colloidal silica suspension to obtain a mirror-like surface finish. After metallographic specimen preparation, disc specimens were ultrasonically cleaned in acetone for 2 min and subsequently in methanol for 2 min.
Friction and wear test
A CSM Instruments standard tribometer was used in the linear reciprocating wear test at room temperature (23 ± 2°C) under liquid lubrication. The wear tests were conducted at a normal load of 3 N and a constant sliding velocity of 0.06 m s −1 . The stroke length and the total sliding distance were 10 mm and 400 m, respectively. A 100Cr6 steel ball 6 mm in diameter was used as the counter body in the wear test. Five drops of lubricant were applied to the aluminum alloy surface prior to each test and no additional lubricant was supplied during the test. 15W40 commercial engine oil was used in this study for comparison of its frictional and wear properties with those of PILs. After the wear test, the material volume loss was estimated from the wear track profile, which was obtained by an Ambios xp-2 high resolution stylus profilometer. Table S1 . Thermoanalytical data of PILs (1-5). 
Compound
